Resveratrol has been reported to be beneficial against diabetes complications. The objective of this study was to evaluate the efficacy of resveratrol in decreasing hyperglycemia in patients with type 1 diabetes (T1D) by a preliminary investigation designed as an exploratory clinical trial. Thirteen patients with T1D from both the sexes participated in this trial. All patients received resveratrol in 500 mg capsules, twice daily for 60 days. Bodyweight, fasting blood sugar (FBS), hemoglobin A1c (HbA1c), insulin, homeostasis model of assessment for insulin resistance (HOMA-IR), homeostasis model of assessment for β-cell function (HOMA-β), and markers of liver and kidney damage, inflammation, and oxidative stress were measured before the intervention, at 30 days and at 60 days. Resveratrol supplementation for 60 days significantly decreased FBS and HbA1c in comparison with the baseline values. Resveratrol treatment also resulted in a decrease in the level of a marker for oxidative stress, malondialdehyde, and an increase in total antioxidant capacity in T1D patients. Insulin, HOMA-IR, HOMA-β, and markers of liver and kidney function and inflammation were not significantly affected by resveratrol treatment. Overall, the results showed that 60 days of resveratrol supplementation exerted strong antidiabetic and antioxidant effects in patients with T1D.
Introduction
Type I Diabetes (T1D) is an autoimmune disease-derived disorder wherein there is a lack of a sufficient level of insulin to regulate blood glucose, which leads to hyperglycemia and subsequent organ damage [1] . In T1D, dysfunctional pancreatic β-cells contribute to an absolute deficiency of insulin and debilitating heterogeneous diabetic complications. The incidence of T1D is increasing at an alarmingly high rate around the globe. It has been estimated that 387 million people are living with diabetes mellitus worldwide. T1D is found in approximately 5% to 10% of total diabetes mellitus patients [2] . Diabetes-induced abnormalities are the main cause of death in those who are diagnosed with T1D [1] . T1D has also been recognized to occur in children and adolescents more frequently. The recommended mainstay therapy for T1D involving intensive or conventional insulin treatment coupled with continuous blood glucose monitoring is still plagued by unfavorable side effects [3] . The effectiveness of insulin therapy may often prove counterproductive as it can also lead to hypoglycemic episodes [3] . Treatment-induced hypoglycemia is known to negatively impact the patient's adherence to insulin treatment [4, 5] . On the other hand, it is also recognized that T1D patients may not always achieve targeted glycemic levels, even with intensive insulin treatment [4] . Abnormal weight gain and higher cardiovascular risk are some of the complications associated with recommended insulin treatment. This subsequently affects the benefits of glycemic regulation in T1D patients [5] [6] [7] .
There is an unmet need to effectively manage hyperglycemia in conjunction with the use of insulin in T1D patients [3, 8] . Insulin treatment alone may not be sufficient to avoid all diabetes-related complications [3, 8] . In this regard, new adjunctive therapies may prove beneficial for T1D patients in terms of achieving normal glycemic levels and preventing macro-and microvascular disease [3] . Better glycemic status and prevention of weight gain and hypoglycemia with reduced insulin dosage are the desirable outcomes expected from a new add-on therapy for T1D [9, 10] . In view of the drawbacks of current therapy, potential add-on therapies have been explored for managing T1D. Incidentally, glucagon-like peptide 1 analogs/receptor agonist and sodium-glucose cotransporter 2 inhibitors are currently being investigated extensively as they are useful in controlling hyperglycemia in Type 2 Diabetes (T2D) patients. There have been some promising initial results in T1D patients with these drugs as well, suggesting the potential for the addition of new therapies to the current insulin-based therapy in T1D patients. However, it should be noted that these agents have not been approved for clinical use yet in T1D patients. In this context, food-derived compounds have also been shown to have beneficial effects in T1D. One such compound is resveratrol, which is found predominantly in grapes, peanuts, and berries. Preclinical studies have shown strong antihyperglycemic effects in different animal models of T1D. However, there is no evidence yet about the efficacy of resveratrol in providing benefits to patients with T1D.
Accordingly, we sought to examine this possibility by conducting an exploratory trial investigating the safety and efficacy of resveratrol in T1D patients.
Materials and Methods

Study Design and Subjects
This preliminary study was designed as an exploratory, single-center, two-month investigation to evaluate the efficacy and safety of resveratrol in T1D patients. The study was approved by the Medical Ethics Committee (IR.BPUMS.REC.1396.3.) of Bushehr University of Medical Sciences, Iran. The study also complied with the Declaration of Helsinki and the International Conference on Harmonization/Good Clinical Practice Guidelines. The project is registered with the Clinical Trial Registry of Iran (registration no: IRCT201710108129N11). Informed consent was obtained from each patient at the time of enrolment and continued as a process throughout the investigation. In addition, the patients had free medical care and consultation during the study period, especially in the case of any adverse reaction or complications. Thirteen patients with T1D, aged between 12 and 45 years from both sexes, who were on oral antidiabetic treatment and insulin injection or combination therapy for a minimum of 6 months were included in the study (Figure 1 ). The patients were repeatedly visiting the Endocrine Clinic of the Persian Gulf Tropical Medicine Research Center, Bushehr, Iran, for routine medical examination at the time of the recruitment. 
Inclusion Criteria
Patients with T1D, aged between 12 and 45 years and with good peripheral veins were included. Patients on insulin treatment were included as long as they were on stable doses and the dosage was not changed during the course of the study.
Exclusion Criteria
Subjects on any antioxidant therapy, such as vitamin supplements, having an allergy to grapes, green tea, and peanuts, and patients with T2D, severe heart disease, hepatic disease, renal dysfunction, and smoking habits were excluded.
Compliance
At the second and third visits, participants returned unused capsule bottles, and the study compliance was assessed by counting the remaining capsules from the bottle. Every participant was asked to complete a questionnaire during each visit to monitor the type of foods consumed during the study, particularly to confirm that they did not have food products that may have contained resveratrol. Moreover, at each visit, blood collection, weight measurement, and general medical examinations were done. 
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At the second and third visits, participants returned unused capsule bottles, and the study compliance was assessed by counting the remaining capsules from the bottle. Every participant was asked to complete a questionnaire during each visit to monitor the type of foods consumed during the study, particularly to confirm that they did not have food products that may have contained resveratrol. Moreover, at each visit, blood collection, weight measurement, and general medical examinations were done.
Treatment Regimen
All participants received 500 mg, twice daily (a total of 1 g/day), of resveratrol capsules (99% pure, Biotivia, Bioceuticals International, SRL, Verona, Italy) for a period of two months. All patients were allowed to continue their existing antidiabetic medications, including insulin injection, during the course of the study. Oral hypoglycemic agents and insulin were not modified during the course of the study. The participants who completed the study were on antidiabetic medications as follows (drug and number of patients on a particular drug): Insulin (13), Novarapid + Lantus + Insulin (5), Insulin + Metformin (1), Insulin + Glibenclamide (1), and Lotion Insulin (1).
Physical Measurement
Height was measured with a stadiometer, and weight using a standard weighing balance. Outer garments and shoes were removed before measurements were done. Body mass index (BMI) was calculated as weight in kilograms divided by the square of height in meters using the Global Database on BMI (World Health Organization, 2006).
Biochemical Measurements
Fasting blood samples (12 h) were taken from all participants at the baseline, after 30 days and 60 days of resveratrol treatment. All samples were promptly centrifuged, and the serum was separated and kept frozen at −80 • C until used. Analyses for biochemical parameters such as hemoglobin A1c (HbA1c), fasting blood sugar (FBS), liver enzymes, creatinine, albumin, and C-reactive protein (CRP) were carried out at the Persian Gulf Tropical Medicine Research Center on the day of blood collection by using a Selectra 2 autoanalyzer (Vital Scientific, Spankeren, The Netherlands). FBS levels were measured by using a commercial kit as per the manufacturer's instructions (Pars Azmun Inc., Tehran, Iran). HbA1c levels were measured by using a commercial kit as per the manufacturer's instructions (Nycocard HbA1c, Axis-SHIELD poc AS, Axis-Shield Group. P.O. Box 6863 Rodeløkka, N-0504, Oslo, Norway). Blood urea nitrogen, creatinine, albumin, and CRP levels were estimated by using a commercial kit as per the manufacturer's instructions (Pars Azmun Inc., Tehran, Iran). Lipid peroxidation levels (Malondialdehyde-MDA) were measured by using a commercial kit as per the manufacturer's instructions (Biomedica Medizinprodukte, GmbH and Co KG, Wien, Austria). Total antioxidant capacity (TAC) was measured by using a commercial kit as per the manufacturer's instructions (Biovision Company, Milpitas, CA, USA). The levels of tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) were measured by using the commercial ELISA kits as per the manufacturer's instructions (Karmania Pars Gene Company, Kerman, Iran). Serum insulin level was measured as per the manufacturer's instructions (infinitumbiotech, 1935 Cordell Court El Cajon, CA, USA). In order to test liver function in the patients, activities of serum glutamic oxaloacetic transaminase (SGOT), serum glutamic pyruvic transaminase (SGPT), and alkaline phosphatase (ALP) were measured by using a commercial kit as per the manufacturer's instructions (Pars Azmun Inc., Tehran, Iran).
Homeostasis Model of Assessment
Insulin resistance was assessed by calculating the homeostasis model of assessment index (HOMA-IR) using the following equation: Fasting insulin (µIU/mL) × fasting glucose (mg/dL)/405. The percentage of β-cell function from fasting serum glucose and insulin concentrations was assessed by calculating the homeostasis model of assessment index (HOMA-β) using the following equation: 360 × fasting insulin (µIU/mL)/fasting glucose (mg/dL) − 63 (4).
Statistical Analysis
The distribution of variables was determined using probability plots and the Shapiro-Wilk test. Data for HOMA-IR, HOMA-β, CRP, and insulin levels were log-transformed to obtain a Gaussian distribution. The anthropometric and biochemical parameters for patients with T1D that were assessed at baseline, 30th day, and 60th day after resveratrol supplementation (3-time points) were analyzed with repeated measures ANOVA. When sphericity assumptions were violated, degrees of freedom were adjusted using the Greenhouse Geisser correction. Pearson correlation analysis was used to study the relationships between HbA1c and the log-transformed HOMA-IR, HOMA-β, and insulin values. A post hoc test was done with Bonferroni correction. A p value of <0.05 was accepted as statistically significant. All statistical analyses were performed using PASW Statistics GradPack 18 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism software, version 8.0.2 (GraphPad Software, Inc., San Diego, CA, USA).
Results
A total of 13 patients (8 males and 5 females) with T1D were evaluated at the endpoint in this trial. The mean age (mean ± SD) of the subjects was 23.61 ± 6.67 years. Apart from one patient who used insulin in combination with metformin, the entire study group received insulin at least two times per day throughout the study. No statistically significant changes were observed in the anthropometric measurements (body weight and BMI) of the patients from the baseline after resveratrol treatment (Table 1) . A repeated measure one way-ANOVA with Greenhouse-Geisser correction was done to detect differences from baseline to endpoint, and changes in the mean values of HbA1c between the three times (0 day, 30th day, and 60th day) of resveratrol supplementation were observed; (Table 1, 8.26 ± 0.97 vs. 8.02 ± 0.97 and 7.74 ± 1.02, F = 7.697, p = 0.009). There was a statistically significant decrease in levels of HbA1c at 60 days of resveratrol supplementation in comparison to the baseline levels (8.26 ± 0.97 vs. 7.74 ± 1.02, p = 0.033) before the commencement of treatment. However, the changes between the values of HbA1c at 30 days of resveratrol supplementation compared to baseline values were not significant (8.26 ± 0.97 vs. 8.02 ± 0.97, p = 0.080). There was also a significant decrease in the level of FBS after 60 days of resveratrol treatment in T1D patients in this study (253.69 ± 49.67 vs. 174.38 ± 45.19, p < 0.001). There were no significant differences in the levels of insulin, HOMA-IR, HOMA-β, and CRP between the three time points during the study ( Table 1 ). The results of liver and kidney function tests (SGOT, SGPT, ALP, Albumin, BUN, and Cr) during the resveratrol supplementation period also did not demonstrate any significant changes ( Table 1 ).
The differences in the levels of MDA and TAC in T1D patients were significant between the baseline and the endpoints (Figure 2 , p < 0.002 and p < 0.001, respectively). There was no change in the serum levels of TNF-α and IL-1β between the three time points (Figure 2 , p = 0.569 and 0.346, respectively).
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The differences in the levels of MDA and TAC in T1D patients were significant between the baseline and the endpoints (Figure 2 , p < 0.002 and p < 0.001, respectively). There was no change in the serum levels of TNF-α and IL-1β between the three time points (Figure 2 , p = 0.569 and 0.346, respectively). In bivariate correlation analysis, no significant correlations were found between the change in HbA1c values (end of the study period minus baseline) and the changes in HOMA-IR (r = 0.304, p = 0.313), HOMA-β (r = 0.075, p = 0.808), insulin (r = 0.180, p = 0.555), and FBS levels (r = −0.079, p = 0.797) during the study period. Moreover, significant correlations were found between the change in FBS levels (end of the study period minus baseline) and the changes in HOMA-β (r = −0.643, p = 0.018) during the study period. However, no significant correlation was observed between the change of FBS levels and the changes in insulin (r = −0.303, p = 0.315), and HOMA-IR (r = −0.351, p = 0.240). In bivariate correlation analysis, no significant correlations were found between the change in HbA1c values (end of the study period minus baseline) and the changes in HOMA-IR (r = 0.304, p = 0.313), HOMA-β (r = 0.075, p = 0.808), insulin (r = 0.180, p = 0.555), and FBS levels (r = −0.079, p = 0.797) during the study period. Moreover, significant correlations were found between the change in FBS levels (end of the study period minus baseline) and the changes in HOMA-β (r = −0.643, p = 0.018) during the study period. However, no significant correlation was observed between the change of FBS levels and the changes in insulin (r = −0.303, p = 0.315), and HOMA-IR (r = −0.351, p = 0.240).
Discussion
The primary objective of the current study was to undertake a preliminary investigation on the safety and efficacy of resveratrol in reducing FBS and HbA1c in T1D patients. In this exploratory clinical trial, we demonstrated for the first time that short-term treatment with resveratrol could decrease the levels of FBS and HbA1c in young adult T1D patients managed with insulin therapy. Furthermore, resveratrol reduced the level of the biomarkers for oxidant imbalance in T1D patients. The reduction in these parameters was achieved on top of the recommended insulin treatment without any adverse effects.
The current preclinical evidence suggests that resveratrol effectively reduces the levels of glucose and HAb1c by improving pancreatic β-cell function in different animal models of T1D [11] [12] [13] [14] [15] [16] [17] . The major factors contributing to T1D-related hyperglycemia are reduced or no insulin secretion, decreased glucose utilization by the peripheral tissue, and increased glucose production. Resveratrol has been shown to improve all of the factors mentioned above in the setting of T1D, as reported by previous preclinical studies [18] [19] [20] [21] [22] . In this current study, we also observed that resveratrol treatment significantly reduced FBS and HbA1c in T1D patients. This is consistent with our previous randomized clinical trial, which showed that treatment with resveratrol (500 g twice daily) for a duration of 45 days could significantly decrease the levels of FBS and HbA1c in T2D patients [23] . HbA1c is a highly sensitive and specific diagnostic biomarker used to detect prolonged hyperglycemia. It has also been reported to be significantly associated with an increase in diabetes complications. Presently, guideline-directed medical treatment of diabetes focuses on reducing the levels of HbA1c. Specifically, a reduction of 0.3% (3 mmol/mol) in the level of HbA1c has been recognized to be a clinically valuable target for achieving positive outcomes in terms of long-term diabetes-induced complications [24, 25] . In this study, two-month resveratrol treatment resulted in a reduction of HbA1c by 5.7 mmol/mol from the baseline value. It should be noted that T1D patients in this study had high HbA1c values (8.26%) at baseline, which suggests that resveratrol treatment may be beneficial in difficult-to-manage T1D patients. Furthermore, a higher level of HbA1c is recognized as a significant risk factor for cardiovascular diseases and stroke in diabetics [26] . A HbA1c level of <7% (5.3 mmol/mol) may substantially reduce microvascular complications of diabetes patients. For example, large scale studies, namely, The Diabetes Control and Complications Trial (DCCT) and The United Kingdom Prospective Diabetes Study, established a linear correlation between HbA1c and microvascular abnormalities in diabetes patients [27] . Even though resveratrol treatment was not able to bring down HbA1c to <7% in T1D patients in this study, it is important to note that short-term resveratrol treatment resulted in a promising reduction of HbA1c (7.74%). In this study, HOMA-IR and β-cell function (HOMA-β) were not significantly reduced by resveratrol treatment in T1D diabetes patients unlike the significant decrease in both parameters by resveratrol in T2D patients reported in our previous study [23] . That being said, it should be noted that there was a trend towards a reduction in HOMA-IR and HOMA-β in the current study.
Resveratrol-mediated decrease in HbA1c was also coupled with significant positive changes in the secondary outcomes of this trial. Inflammation and oxidative stress are key mechanisms underlying the genesis of T1D. Oxidative stress also plays a central role in the origin and advancement of diabetes-induced microvascular and macrovascular complications [28, 29] . In this study, resveratrol treatment was associated with a decrease in the level of a marker for oxidative stress, MDA, in T1D patients. In addition, T1D patients showed an increase in the antioxidant defiance, as evidenced by an increase in the level of TAC. This finding suggests that resveratrol may offer additional protection and a better therapeutic profile as an adjuvant therapy. Our results are consistent with preclinical studies, which have reported that resveratrol reduced the level of oxidative stress markers and improved antioxidant defenses. A reduction in oxidative stress markers, such as superoxide anion, hydroxyl radical, hydrogen peroxide, MDA, 8-isoprostane, 8-hydroxydeoxyguanine, nitro-tyrosine, and reduced/oxidized glutathione [30] [31] [32] [33] [34] , as well as an improvement in the activities of antioxidant enzymes, such as superoxide dismutase, catalase, glutathione peroxidase, and glutathione-S-transferase, has been observed in the setting of diabetes [33, 35, 36] . Resveratrol also attenuates autoimmune-mediated destruction of insulin-releasing pancreatic β-cells. This was demonstrated in nonobese diabetic mice, an animal model for T1D [37] . This animal model is characterized by diabetes that develops due to an autoimmune disease-related destruction of the functioning β-cells as the animals age [37] . In contrast to the significant reduction in oxidative stress observed in T1D patients with resveratrol treatment, there was no significant decrease/increase in the levels of proinflammatory markers, such as CRP, TNF-α, and IL-1β in this study. We also observed that there was no significant elevation of liver or kidney function biomarkers such as SGOT, SGPT, ALP, Albumin, BUN, and Cr in T1D patients. This suggested that resveratrol treatment was well tolerated in T1D patients. These results on the effects of resveratrol on liver or kidney function biomarkers were similar to those observed in our previous study in T2D patients [23] .
It is also important to note that potential additional benefits may be achieved with resveratrol in T1D patients. Insulin resistance has also been identified as a complication in T1D patients. It is widely recognized that additional treatment may be needed in conjunction with insulin therapy to address the complication mentioned above [38] . As reported by the DCCT trial, the intensive insulin therapy resulted in a 33% increase in risk of being overweight with a mean weight gain of 4.6 kg over the treatment period. The term "double diabetes" has been coined to diagnose those individuals that are identified as T1D autoantibody positive and develop significant insulin resistance later in life [39] . To address this unique clinical difficulty, frontline T2D drug metformin has been explored as an addition to insulin treatment in such T1D patients [39] . Preclinical data showed that resveratrol was efficacious in preventing metabolic syndrome related to high-fat feeding, including insulin resistance, which lead to the pursuance of randomized clinical trials in T2D patients [40, 41] . Evidently, resveratrol is known to recover dysregulated glucose homeostasis, while decreasing insulin resistance in T2D patients as reported by a myriad of clinical trials. These findings have been further verified by a few meta-analyses as well [23, [42] [43] [44] . Specifically, a meta-analysis that reviewed 11 randomized controlled trials involving 388 subjects reported that resveratrol could reduce hyperglycemia and improve insulin sensitivity in diabetic patients, but could not affect levels of glucose in nondiabetic patients [43, 45] . A second meta-analysis of clinical studies with resveratrol in T2D patients (nine randomized controlled trials with 283 subjects) reported that resveratrol could significantly reduce levels of FBS with concomitant beneficial effects on HOMA-IR scores and levels of insulin [42] . Very recently, a randomized clinical trial involving 71 overweight patients with T2D reported that eight-week resveratrol supplementation was able to significantly improve cardiac and metabolic parameters [46] . Furthermore, another recent randomized, double-blind, placebo-controlled trial with 56 patients having T2D and coronary artery disease reported that resveratrol reduced hyperglycemia and levels of MDA and improved the levels of HDL-cholesterol, the total-/HDL-cholesterol ratio, and TAC [47] . These promising clinical findings in patients with T2D may point towards a possible success of resveratrol in T1D patients as well.
There are some strengths and limitations associated with the current trial. Importantly, this is the first exploratory trial report of the short-term use of resveratrol for the treatment of T1D. The promising finding from an exploratory study may inform us about the possibility of designing rigorous long-term randomized trials in T1D patients. The important observations arising from our two clinical trials (involving T1D and T2D patients) reveal that resveratrol is not only able to complement the existing treatment, it may even offer additional protection over standard antidiabetic medications. A limitation of this study is that this was not a randomized, placebo-controlled, and double-blinded trial. However, this study provides preliminary safety and efficacy data on the potential of resveratrol in T1D. These results may form the basis of prospective randomized, placebo-controlled, double-blinded trials that can further ascertain the potential of resveratrol as an antidiabetic medication. It must be noted that the population of this study was Iranian, so the results of the current study may not be as reflective of the efficacy of resveratrol in patients of other ethnicities. The presence of potential confounding variables, such as varying ages of the patients, sex differences, and dissimilar antidiabetic treatments, may have also influenced the significance level of some of the parameters (which showed no significant difference). A comprehensive set of psychosocial parameters in relation to diabetes treatment is now being recognized as a set of highly imperative study endpoints for clinical trials as per the recommendations [48] . Future investigations on the efficacy of resveratrol in T1D patients may also explore such parameters. In this study, we did not follow up with patients to see if both of the reported parameters such as FBS and HbA1c, which showed significant reduction, were later reversed to the baseline levels with the discontinuation of resveratrol treatment. This is an aspect that can be explored in the future studies as well. Lastly, we did not undertake examination of in-depth mechanisms/pathways of action of resveratrol because this was an exploratory trial.
Conclusions
In conclusion, the addition of resveratrol to insulin therapy in T1D patients resulted in a significant and rapid reduction in the level of FBS with a concomitant reduction in HbA1c and oxidative stress. These observations warrant a detailed investigation as to the potential of resveratrol for the treatment of T1D in future prospective randomized, placebo-controlled, double-blinded trials. 
